INTRODUCTION TO DNA NANOTECHNOLOGY {#SEC1}
==================================

Size matters, and sometimes being small has advantages. The field of nanotechnology exploits many of the advantages of being small, and has found applications in many fields including energy conversion, storage devices, tissue engineering, and protective clothing ([@B1]). Controlling the nanoscale features of materials can impart new macroscopic properties and behaviors. Nanomaterials can be built using top-down approaches by starting with a bulk material and breaking it down to nanoscale sizes (e.g. lithography) or bottom-up by taking smaller building blocks (e.g. macromolecules) and assembling them into nanoscale materials.

DNA is one such material that can be used for bottom-up construction of nanostructures. The physical characteristics of the molecule ([@B4]), well-developed chemistries for functionalization ([@B5]), and inexpensive synthesis ([@B6]) make DNA a unique and versatile building block. Its intrinsic nanoscale size, tailored sequences and molecular recognition of the canonical Watson-Crick nucleotides enable creation of structures with prescribed geometries (Figure [1](#F1){ref-type="fig"}). Uniquely, DNA is highly flexible as a single strand and increases its rigidity by ∼50× as a double strand, forming the material basis for using DNA as a nanoscale building block ([@B7]).

![Properties of DNA as a construction material.](gkz580fig1){#F1}

The field of DNA nanotechnology was originally conceived as an idea to scaffold guest molecules, and has expanded to include numerous assemblies and designs in one-, two- and three-dimensions ([@B8],[@B9]). Construction using DNA began with branched DNA junctions ([@B10]) followed by a variety of DNA objects such as polyhedra ([@B11]), prisms ([@B12]) and buckyballs ([@B11]) (Figure [2A](#F2){ref-type="fig"}). DNA motifs can be programmed with sticky ends for creating 2D ([@B13]) and 3D ([@B14]) periodic lattices that are useful as programmable scaffolds for the organization of nanoparticles and biomolecules ([@B15]) (Figure [2B](#F2){ref-type="fig"}). Increasing in complexity, the DNA origami strategy ([@B16]) allows creation of larger DNA nanostructures by folding a long single stranded scaffold DNA (usually the viral genome M13) by hundreds of short complementary staple strands into any desired planar, solid or hollow shapes (Figure [2C](#F2){ref-type="fig"}) ([@B17],[@B18]). More recently, the DNA brick strategy uses single stranded DNA tiles that connect through complementary domains to form large DNA assemblies in both 2D ([@B19]) and 3D (Figure [2D](#F2){ref-type="fig"}) ([@B20]).

![DNA self-assembly strategies. (**A**) DNA objects made from designed single strands or pre-assembled DNA motifs. (**B**) DNA motifs assembled into arrays. (**C**) DNA origami strategy where a long single strand is folded by short complementary strands. (**D**) DNA brick strategy to create nanostructures.](gkz580fig2){#F2}

Expanding from these design and construction principles, researchers have also developed 'dynamic' DNA nanomachines and devices ([@B21],[@B22]) that can be programmed to respond to chemical or environmental stimuli ([@B23]). Applications of these active DNA nanostructures are now being realized in fields such as drug delivery ([@B24]), biomolecular analysis ([@B25]), molecular computation ([@B26]) and imaging ([@B27]). Characteristics of DNA nanostructures have made them especially useful in a biosensing context ([@B28]). One area of opportunity is in detection of microRNAs, which are small regulatory RNAs important for many aspects of human health. Since nucleic acids are the natural biosensors for microRNAs, it is perhaps not surprising that microRNA detection has in some ways served as a 'gateway' into biosensing applications for DNA nanotechnology ([@B31],[@B32]).

In this Survey and Summary, we explore and review DNA nanotechnology approaches for microRNA detection. We start with an overview of microRNAs, their relevance as biomarkers, and current detection techniques. Next, we summarize the literature for microRNA detection in three main areas of DNA nanostructures: DNA tetrahedra, DNA origami, and DNA devices and motifs. We take a critical look at the reviewed approaches in the critical analysis and discussion section, exploring advantages and disadvantages of such methods in general, and a critical comparison of specific approaches. We conclude with a brief outlook on the future of DNA nanotechnology in biosensing for microRNA and beyond.

A BRIEF PRIMER ON MICRO RNAS {#SEC2}
============================

MicroRNAs are small non-coding RNAs (∼17--25 nucleotides) that regulate gene expression negatively at the post-transcriptional level ([@B33]). They are transcribed predominantly as primary transcripts (pri-microRNAs), processed to pre-microRNA in the nucleus, and transported to the cytoplasm for further processing into mature microRNAs. These are then incorporated into RNA Inducing Silencing Complex (RISC) and subsequently bound to 3' untranslated region (3'UTR) of the target mRNA to cause either translational repression or mRNA degradation ([@B33]). From the discovery of the first microRNA (lin-4) in 1993 ([@B34]), nearly 2000 microRNAs have been identified in the human genome, predicted to regulate \>60% of genes ([@B35]). MicroRNAs play essential roles in diverse biological processes including embryogenesis, organ development, proliferation, differentiation, apoptosis, metabolism and homeostasis. Due to these roles, a large body of literature in the past two decades strongly suggests that microRNAs have a huge potential to be developed as novel therapeutics and diagnostic biomarkers for many diseases.

MicroRNAs as new generation biomarkers {#SEC2-1}
--------------------------------------

Biomarkers should provide critical information of normal physiological states or pathological processes. An ideal biomarker should be stable, easy to obtain by non-invasive procedures, detectable by simple and inexpensive methods in early stage of a disease condition, and non-overlapping with other diseases. MicroRNAs mostly fit these criteria to serve as preferred biomarkers. They can be collected from biofluids including blood, urine, saliva, tears, and other bodily secretions and maintain stability within microvesicles such as exosomes, microparticles and apoptotic bodies ([@B36]). Several recent studies have shown examples where microRNAs can be detected in earlier stages of diseases ([@B37]). Differential expression of microRNAs can also be found in normal and diseased cells and tissues, serving as useful biomarkers for different cellular events and disease diagnosis, prognosis, and treatment monitoring. These exceptional features of microRNAs have attracted researchers from almost all areas of human diseases to identify and validate unique microRNA signatures as potential disease biomarkers.

MicroRNA expression level is dysregulated in diverse diseases including cancers, neurological disorders, muscle degenerative diseases, cardiovascular disorders, diabetes and viral infections (Table [1](#tbl1){ref-type="table"}). Invariably, in almost every disease, multiple microRNAs display altered (increased or decreased) expression and their expression levels vary significantly. In human esophageal adenocarcinoma, miR-205 is upregulated by 15-fold whereas miR-27a is increased by nearly 2-fold ([@B38]). In the opposite direction, miR-143 is downregulated by ∼15-fold whereas miR-424 decreased by ∼2-fold ([@B38]). Similarly, in ovarian cancer cells, miR-141 is upregulated by 105-fold whereas miR-558 is upregulated by 1.26-fold. In the same cancer cells, miR-370 is downregulated by 100-fold whereas miR-448 downregulated by only 1.2-fold ([@B39]). Similar changes of microRNA expression levels is also observed during disease progression ([@B38]). However, in some cases, the changes in the expression levels of microRNAs can be very small. For example, in sporadic Alzheimer\'s disease, these changes range from 0.6- to 1.25-fold ([@B40]). Therefore, an accurate, reliable and sensitive detection method will be the pre-requisite for using microRNAs as new generation diagnostic biomarkers.

###### 

Misregulation of microRNAs in a sample of human diseases.

  Disease                  microRNAs                                                                            References
  ------------------------ ------------------------------------------------------------------------------------ --------------------------------------
  Cancer                   miR-155, miR-17--92, miR-15a, miR-34a, miR-150, miR-195, let-7, miR-26, and miR-29   ([@B42],[@B46],[@B47],[@B63],[@B67])
  Neurological disorder    miR-34a,b,c, miR-125b, miR-133, miR-103, miR-107, miR-132, miR-212, miR-219          ([@B40],[@B49])
  Cardiac disorder         miR-17, miR-19, miR-21, miR-92a, miR-145, miR-146a,b, miR-155, miR-208a              ([@B37],[@B55],[@B71])
  Muscular dystrophies     miR-199a-5p, miR-486, miR-206 and miR-31, miR-1, miR-133, miR-21                     ([@B74])
  Diabetes                 miR-24, miR-26, miR-27a, miR-148, miR-182, miR-373, miR-200a, miR-320                ([@B78])
  Immunological diseases   miR-17--92, miR-155, miR-21, miR-31, let-7i, miR-125b                                ([@B84],[@B85])
  Viral infections         miR-122, miR-141, miR-142--3p, miR-181, miR-323, miR-491, miR-654                    ([@B59])

The vast majority of studies on microRNAs as diagnostic biomarkers are examined in different types of cancer. Since microRNAs control critical cellular processes, aberrant expression of these small molecules leads to development, progression, and metastasis of cancer. It is intriguing that key molecules in the microRNA biogenesis pathway are altered in cancers ([@B41]). As suggested by numerous studies, microRNAs can act either as tumor suppressors or oncogenes. A plethora of studies has documented the altered microRNA expressions in various cancer types including leukemia ([@B42]), hepatocellular cancer ([@B43]), ovarian cancer ([@B44]), pancreatic cancer ([@B45]), prostate cancer ([@B46]), rhabdomyosarcomas ([@B47]) and breast cancer ([@B48]).

MicroRNAs play prominent roles in nervous system development and neuronal function ([@B49]), and some microRNAs are found exclusively in the brain ([@B50]). Altered microRNA expressions are associated with defective brain development and numerous neurological disorders including Alzheimer\'s disease ([@B40]), Parkinson\'s disease ([@B51]) and schizophrenia ([@B52]). Furthermore, mutations in microRNA processing machineries are linked to abnormal brain development and neurodevelopmental diseases including familial amyotrophic lateral sclerosis ([@B53]) and fragile X syndrome ([@B54]). MicroRNAs are also regulators of cardiac development and function ([@B55]), and cardiac specific deletion of Dicer ([@B56]) or specific microRNAs ([@B57]) causes lethality and abnormal cardiac phenotypes. MicroRNA expression is altered in heart diseases including coronary artery disease, cardiac hypertrophy, myocardial infarction, cardiac fibrosis, atrial fibrillation, ischemic cardiomyopathy, dilated cardiomyopathy, and aortic stenosis and heart failure ([@B58]). Circulating microRNAs may be more specific and sensitive biomarkers for heart diseases, sometimes discriminating among closely related heart abnormalities ([@B37]). In viral infection, microRNAs control viral replication of many well-known viruses including human immunodeficiency virus (HIV), Epstein Barr virus (EBV), and hepatitis C virus (HCV) ([@B59]),([@B60]). Altered circulating microRNAs have also been documented in patients infected with viruses ([@B61],[@B62]).

The above examples are just a few that demonstrate the diagnostic potential of microRNAs, but a number of obstacles remain before these molecules can be used in clinics for disease diagnostics. Most studies have focused on either one or a set of microRNAs in a particular disease condition, but some microRNAs can be changed in a similar direction for many different diseases. For example, miR-21 expression level is altered in several diseases including cardiovascular diseases, inflammation, and several cancers including breast, cervical, colorectal, glioblastoma, liver, lung, pancreatic, and skin ([@B63],[@B64]). Therefore, global screening of circulating microRNAs is needed to generate a specific signature of microRNAs for a specific disease or cancer type. Factors such as age, sex, or prior treatment regimens must also be taken into consideration. Data reproducibility is another major issue that may occur from detection methods, standardization of analytical methods, data processing, normalization and optimization ([@B65],[@B66]). Thus, the promise of microRNA diagnostics must be tempered with a realism of the challenges that remain before microRNAs can be used as new generation biomarkers for human diseases.

Current microRNA detection methods {#SEC2-2}
----------------------------------

The explosion of interest in microRNAs has led to an increased demand for techniques for detecting these molecules sensitively and accurately both in the laboratory and at the point of care. Low abundance and sequence similarities make sensitivity and selectivity especially important to microRNA discovery, analysis, and clinical diagnosis. Additionally, other aspects of detection including reproducibility, time, cost, complexity and sample requirements will be crucial to facilitate the transition of microRNA research from laboratory to clinical practice.

Currently, the most widely used methods for analyzing microRNAs are quantitative reverse transcription PCR (qRT-PCR) ([@B86]), Northern blotting ([@B87]), *in situ* hybridization ([@B88]), microarray ([@B89]) and next-generation sequencing ([@B90]). However, these approaches have some limitations and tradeoffs including poor reproducibility with interference from cross-hybridization, low selectivity, insufficient sensitivity, time-consuming steps, the requirement of large amounts of sample, expensive instruments, or specialized skills (Table [2](#tbl2){ref-type="table"}). We have purposely omitted sensitivity limits on the table due to wide variations even within each method. Several of the approaches (qPCR, *in-situ* hybridization, sequencing, and isothermal amplification) are in principle capable of detecting a single copy, though for amplification-based methods this is rarely achieved in practice. Most of the assays require total RNA amounts in the hundreds of nanograms to single microgram ranges for detection. qPCR in particular has been demonstrated with significantly less material (pg--ng), while Northern blotting typically requires more (at least micrograms). Some of these methods also require microRNAs to be purified and converted to complementary DNA (cDNA), which is then amplified by polymerase reactions. False positives from contamination are problematic and absolute quantification in general is challenging. This is made especially difficult in methods relying on exponential amplification (such as qRT-PCR), since biases and errors are also amplified exponentially. To illustrate this, a hypothetical 3% per cycle bias in a 30 cycle PCR would develop a \>2-fold quantitative error, and achieving detection of a 1.2-fold change as described in the previous section would require \<1% per cycle bias. As a result, there is a need to develop analytical platforms for the detection and validation of microRNA in complex biological samples and ideally without amplification. Other strategies such as rolling circle amplification (RCA)-based assays ([@B91]) and enzymatic assays ([@B92]) have recently been developed to improve sensitivity and flexibility of these methods.

###### 

Advantages and disadvantages of the current methods used to detect microRNAs.

  Methods                                Advantages                                                                                    Disadvantages                                                                                                                            References
  -------------------------------------- --------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------- ------------
  qPCR                                   Widely used method for sensitivity.                                                           Lack of multiplexing and genome-wide coverage, biases and errors due to exponential amplification.                                       ([@B86])
  Northern blotting                      Detects non-amplified microRNAs.                                                              Requirement of large amount of starting materials, radioactivity, less sensitive, time consuming, labor-intensive.                       ([@B87])
  In situ hybridization                  Spatiotemporal distribution in cells or tissue sections.                                      Laborious, requires specialized skills and instruments, time consuming, non-specific.                                                    ([@B88])
  Microarray                             Provides genome-wide coverage.                                                                Requires specific probes and specialized equipment, data normalization is difficult and lacks reproducibility among various platforms.   ([@B89])
  Next generation sequencing             Provides genome-wide coverage, identifies novel microRNAs and SNPs in microRNAs.              Requires specialized equipment, skilled bioinformatician, complicated data analysis.                                                     ([@B90])
  Isothermal exponential amplification   High sensitivity, efficient signal amplification, does not require thermocycling equipment.   Requires multiple enzymes including a nicking enzyme and probe design is complicated.                                                    ([@B93])

DNA-BASED NANOSTRUCTURES FOR MICRO RNA DETECTION {#SEC3}
================================================

Use of nanomaterials in sensor development has been on the rise ([@B94]) including nanotechnology-based approaches for the detection of microRNA sequences ([@B95]). Among these nanotechnology approaches, various DNA-based nanostructures have been implemented to overcome some limitations of conventional microRNA detection and quantification strategies. Here we focus specifically on this sub-field, necessarily limiting the scope to exclude some DNA-based approaches (eg: molecular beacons ([@B96]), DNA-based FRET ([@B97]), spherical nucleic acids ([@B98]), nanoparticle-hairpin conjugates ([@B99]), catalytic self-assembly ([@B100])) as well as nanotechnology approaches using other materials (e.g. nanoparticles, nanotubes, graphene). To simplify the literature survey, we have classified developments into three main categories based on the type of nanostructure: (i) DNA tetrahedra, (ii) DNA origami and (iii) DNA devices and other assemblies. We have also grouped strategies by sensing approach, where the three main categories are electrochemical, optical and microscopy. To maintain clarity and flow, we include performance metrics in a table (Table [3](#tbl3){ref-type="table"}) rather than in the text.

###### 

DNA nanostructures used in the detection of different microRNAs.

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Detection method                   Mechanism                 Limit of detection                   Features                           Drawbacks
  ---------------------------------- ------------------------- ------------------------------------ ---------------------------------- -----------------------------------
  **Tetrahedra**                                                                                                                       

  Electrochemical                    HRP\                      2 aM ([@B136])\                      Ultra-sensitive detection\         Equipment requirements\
                                      HCR & HRP\                10 aM ([@B105],[@B106])\             Multiple validations\              Complex preparation\
                                      QD & Methylene blue\      17 aM ([@B112])\                     Point of care potential            Need for enzymes (most)
                                      Copper nanoclusters\      36 aM ([@B111])\                                                       
                                      RCA & AgNP\               50 aM ([@B137])\                                                       
                                      Target recycle & AgNP\    0.4 fM ([@B138])\                                                      
                                      HRP\                      1 fM ([@B139])\                                                        
                                      Poly-HRP\                 10 fM ([@B107])\                                                       
                                      DNAzyme\                  176 fM ([@B108])\                                                      
                                      Ferrocene                 10 pM ([@B110])                                                        

  Optical\                           AuNP/Nuclease\            8.4 aM ([@B115])\                    Live cell compatible\              Equipment requirements\
   (Fluorescence & Luminescence)     Disassembly\               2 pM ([@B114])\                      Multiplexing\                      Complex preparation ([@B114])\
                                      Reconfiguration           460 pM(113)                          No amplification                   Background signal

  **Origami**                                                                                                                          

  Super resolution microscopy        Patterned tile            100 fM ([@B122])                     Multiplexing\                      Expensive equipment\
                                                                                                     No amplification                   Cumbersome detection

  Circular dichroism                 Dynamic cross             100 pM ([@B126])                     No amplification                   Requires CD spectrophotometer\
                                                                                                                                        Low sensitivity

  AFM image                          Patterned tile\           not reported ([@B123])               No amplification\                  Requires AFM\
                                      Dynamic cross\                                                 Integrated logic ([@B124])         Cumbersome detection\
                                      Dynamic box                                                                                       Low sensitivity

  **Devices and other assemblies**                                                                                                     

  Fluorescence                       DNA ferris wheel\         25 aM ([@B140])\                     No amplification ([@B128])\        Background signal\
                                     DNA walker\                58 fM ([@B130])\                     Non-enzymatic ([@B128],[@B140])    Complex design ([@B130],[@B140])
                                     Strand displacement        80 fM ([@B128])                                                        

  Luminescence                       Disassembly               4.6 pM ([@B129])                     Live cell compatible               Requires confocal microscope

  Electrochemical                    Nanogears\                0.2 fM ([@B141])\                    Ultra-sensitive                    Expensive equipment\
                                      DNA walker\               1.51 fM ([@B134])\                                                      Complex design
                                      DNA walker                3.3 fM ([@B135])                                                       

  Colorimetric                       DNA ferris wheel          27 fM (0.5 pM naked eye) ([@B133])   Visual detection                   Complex design

  Gel electrophoresis                DNA looping               130 fM ([@B132])                     No amplification\                  Low scalability
                                                                                                     Multiplexing\                     
                                                                                                     Non-enzymatic                     
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------

HRP: horseradish peroxidase

HCR: hybridization chain reaction

QD: quantum dots

RCA: rolling circle amplification

AgNP: silver nanoparticle

AuNP: gold nanoparticle

DNA tetrahedra {#SEC3-1}
--------------

One of the most commonly used DNA nanostructures is a tetrahedron with six double helical edges ([@B101]), assembled by annealing four DNA strands with partial complementarity. DNA tetrahedra have good rigidity, excellent cellular permeability and enzyme resistance, and have been used widely in cellular applications and microRNA detection in recent years ([@B30]). An especially active area where DNA tetrahedra have been used for microRNA sensing is in electrochemical sensors, developed initially by the Fan group ([@B102]). The sensitivity of electrochemical sensors for nucleic acids is limited by the accessibility of target DNA/RNA molecules to probes on the electrode surface due to the reduced mass transport and surface crowding effects ([@B103],[@B104]). To address these concerns, Fan and coworkers immobilized DNA tetrahedra on the surface of a gold electrode for electrochemical sensing of microRNA (Figure [3A](#F3){ref-type="fig"}) ([@B105]). Three vertices of the tetrahedron are anchored to the gold electrode through thiol groups and the fourth contains a single stranded extension (capture probe) that is complementary to part of the target microRNA. The detection strategy uses a biotinylated signal probe that is complementary to the remaining part of the target microRNA to recruit avidin--HRP (horseradish peroxidase) conjugates. An electrochemical current is generated by HRP-catalyzed reduction of hydrogen peroxide in the presence of the co-substrate 3,3′,5,5′-tetramethylbenzidine (TMB) (Figure [3B](#F3){ref-type="fig"}). DNA tetrahedral probes showed enhanced accessibility to target binding compared to linear single stranded probes directly attached on to the surface, thus providing enhanced sensitivity and reproducibility for the assay.

![DNA tetrahedra microRNA biosensors. (**A**) Design of the DNA tetrahedron with three thiolated vertices to immobilize on gold electrodes for electrochemical detection. The top vertex contains a capture probe ([@B102]). (**B**) DNA tetrahedron for HRP-based electrochemical readout ([@B105]). (**C**) Amplification of HRP-based readout using hybridization chain reaction ([@B106]). (**D**) Guanine nanowire based electrochemical sensing ([@B108]). (**E**) Readout based on proximity of ferrocene to gold surface ([@B110]). (**F**) Fluorescence-based detection using DNA tetrahedron ([@B113]). (**G**) Disassembly of gold nanoparticles and upconversion nanoparticles on microRNA binding ([@B114]). (**H**) Tetrahedron on gold nanoparticles provides a quench-release readout ([@B115]).](gkz580fig3){#F3}

Variations of this approach have been explored by several different groups. Zuo and co-workers enhanced the electrochemical signal by combining the DNA tetrahedral platform and hybridization chain reaction (Figure [3C](#F3){ref-type="fig"}) ([@B106]). Upon microRNA capture, a hybridization chain reaction is initiated on the gold surface using biotin-modified hairpin substrates. Detection proceeds as before by HRP-mediated electro catalytic signal, but multiple HRP molecules recruited to each probe enhances the limit of detection. Tetrahedron based sensing can be extended to multiple targets by using multiple electrodes each with tetrahedra containing different capture probe sequences for different microRNA targets ([@B107]). DNA tetrahedra have also been used to assemble G-quadruplexes on the electrode surface in presence of target microRNA, which in the presence of hemin can act as DNAzymes to oxidize TMB for electrochemical detection (Figure [3D](#F3){ref-type="fig"}) ([@B108],[@B109]).

Some electrochemical approaches have been designed to proceed without the use of the co-substrate TMB. Ding and co-workers used a DNA tetrahedron system to detect lung cancer specific microRNAs by interaction of a ferrocene tag with the gold surface (Figure [3E](#F3){ref-type="fig"}) ([@B110]). The top vertex of the tetrahedron contained a ferrocene tag constrained by a stem-loop configuration to be distant from the gold surface. The stem loop is complementary to the target microRNA, causing it to open the stem and allowing the ferrocene tag to interact with the gold electrode surface giving rise to an electrochemical signal. Yuan and coworkers combined DNA tetrahedra with glassy carbon electrodes to be used as a microRNA sensor using copper nanoclusters to produce electrochemiluminescence ([@B111]). Using a photoelectrochemical sensing strategy, Chai and co-workers used a hierarchically assembled DNA tetrahedron ([@B11]) as the signal probe ([@B112]). The tetrahedron encapsulated CdTe quantum dots (QDs) (a photoactive material) and methylene blue dye (signal enhancer) to provide enhanced photoelectrochemical signal compared to when a DNA duplex containing the dye is used as a signal probe.

Beyond electrochemical sensing, DNA tetrahedra have been used in microRNA detection by changing optical properties to generate signal. The typical approach uses a 'quench-and-release' concept to create detection signals, where the assay starts with quenched fluorescence and microRNA binding causes reconfiguration of the structure to cause fluorescence. Xiang and co-workers used a DNA tetrahedron containing a fluorophore and a quencher on one edge connected by a loop that is complementary to the target microRNA (Figure [3F](#F3){ref-type="fig"}) ([@B113]). MicroRNA binding separates the fluorophore and the quencher, increasing the observed fluorescence. Xu and co-workers assembled a DNA tetrahedron with gold nanoparticles at two vertices and upconversion nanoparticles (UCNPs) at the other two vertices (Figure [3G](#F3){ref-type="fig"}) ([@B114]). Due to the close proximity of the gold nanoparticles, the UCNPs do not fluoresce until a target microRNA binds to its complementary region on the tetrahedron and disassembles the nanostructure. Mahboob and co-workers used a DNA tetrahedron with a fluorescent capture probe immobilized onto gold nanoparticles that quench the fluorophore (Figure [3H](#F3){ref-type="fig"}) ([@B115]). The fluorophore is released from the quenching nanoparticle upon microRNA hybridization to the DNA capture probe and subsequent enzymatic cleavage of the DNA in the DNA/RNA hybrid. This process releases the target microRNA to enable several reaction cycles resulting in more fluorophore release. Xie and co-workers designed fluorescent DNA probes attached to gold nanoparticles, additionally using DNA tetrahedra to control the probe surface density ([@B116]). Target microRNA binds and releases the fluorophore-containing strand in the duplex, releasing it from the quenching nanoparticle and increasing fluorescence. In another version, Wang and co-workers used DNA tetrahedral probes on gold electrodes and combined it with gold nanoparticles to detect microRNAs using surface plasmon resonance (SPR) ([@B117]). In this strategy the SPR signal can further be enhanced by deposition of gold on the nanoparticles.

While DNA tetrahedra have become the dominant polyhedral shape in DNA nanotechnology (and thus the focus of this section), there are a few examples of other shapes that have been used for sensing as well. For example, DNA cubes are used to enhance HCR-based signals by spatial confinement of capture probes within these DNA nanostructures ([@B118]). In addition, other DNA objects such as octahedra ([@B119]) and prisms ([@B120]) used for detection of mRNA and viral nucleic acids have the potential to be applied toward microRNA detection.

DNA origami {#SEC3-2}
-----------

Another major category of DNA nanostructures for microRNA biosensing are those based on DNA origami ([@B16]). One general strategy, first pioneered by Yan and colleagues ([@B121]), is to use a 2D DNA tile with single-stranded extensions at discrete locations that can be imaged by atomic force microscopy (AFM) or fluorescence microscopy. In one such approach, Dai and co-workers detected microRNAs using point accumulation for imaging in nanoscale topography (DNA-PAINT) ([@B122]). Their 2D DNA origami tile was designed with single-stranded capture probes complementary to part of the target microRNA (Figure [4A](#F4){ref-type="fig"}). They used fluorophore-tagged single stranded DNA (ssDNA) probes to bind to the remaining portion of the target microRNA to enable detection using super-resolution fluorescence microscopy. The authors demonstrated multiplexed detection of eight different microRNAs on a single DNA origami tile, and speculated that the approach could potentially scale to over one hundred. In a different approach, Li and co-workers used AFM imaging to detect microRNAs at locations on a 2D DNA origami tile (Figure [4B](#F4){ref-type="fig"}) ([@B123]). Single stranded capture probes complementary to the target microRNA are partly hybridized with a biotinylated reporter strand to recruit streptavidin-coated quantum dots that can be imaged using AFM. The target microRNA removes the reporter strand and quantum dot through toehold-mediated strand displacement and a reduction of quantum dots on the DNA tile is visualized by AFM. Integrating logic into this strategy, Song and colleagues added a 'computational module' into a DNA tile for the detection of two microRNAs with a visual '+' or '-' readout by AFM ([@B124]) (Figure [4C](#F4){ref-type="fig"}). The computational module could be designed as a 'YES' gate (i.e. standard single detection) or with an 'AND' gate activated by two microRNAs. In each case, the correct microRNA(s) lead to the release of a biotinylated ssDNA that recruits streptavidin to capture probes which are imaged by AFM.

![DNA origami microRNA biosensors. (**A**) DNA-PAINT detection strategy using super-resolution microscopy ([@B122]). (**B**) Removal of surface features on an origami tile for microRNA detection ([@B123]). (**C**) A logic-gated origami design for microRNA detection ([@B124]). (**D**) Reconfigurable origami pliers ([@B125]). (**E**) DNA origami device with gold nanorods that provide an optical signal ([@B126]). (**F**) A DNA box that opens on binding a microRNA ([@B127]).](gkz580fig4){#F4}

Another general strategy for DNA origami sensing is the design of nanostructures that can reconfigure in response to microRNA. Komiyama and co-workers designed DNA origami pliers consisting of two levers with a central hinge, designed to open in the presence of a target microRNA (Figure [4D](#F4){ref-type="fig"}) ([@B125]). Partly complementary single-stranded extensions on both levers hold the pliers closed until a target microRNA binds and displaces one strand through toehold-mediated strand displacement, opening the pliers. The different conformations are observed using AFM imaging. Liedl and co-workers used a similar cross-type nanostructure but designed it to change bulk optical properties so that detection does not rely on AFM imaging ([@B126]). They developed a dynamic DNA origami nanostructure with a configuration-dependent plasmonic shift based on a target microRNA (Figure [4E](#F4){ref-type="fig"}). The two levers of the cross-shaped structure are connected by a single-stranded hinge, and contain complementary single-stranded extensions on each lever that are initially prevented from binding by a blocking oligo hybridized on one side. The target microRNA binds to a toehold region on this blocking oligo and removes it, resulting in the two levers locking in the closed configuration. Gold nanorods attached to both the levers cause the conformation switch to alter the plasmonic circular dichroism (CD) spectrum which is used as the detection readout. In another example, Kjems and colleagues developed a DNA origami box with a microRNA controllable lid ([@B127]) (Figure [4F](#F4){ref-type="fig"}). FRET dyes on the lid and box allowed the opening of the box to be detected with bulk fluorescence, and they further demonstrated a number of logic operations that could be implemented with microRNA to control lid opening.

Other DNA devices and assemblies {#SEC3-3}
--------------------------------

Our final category contains other types of DNA devices with approaches that include dynamic reconfigurations of DNA assemblies, cascading strand displacement DNA reactions, and nanoparticle-coupled approaches. The majority of these DNA devices rely on some kind of optical readout for detection, with most using bulk fluorescence.

In one example, Xiang and co-workers developed a DNA-based molecular machine that produces fluorescence in the presence of a target microRNA ([@B128]) (Figure [5A](#F5){ref-type="fig"}). They used a ssDNA scaffold with a quencher to hold a reporter strand with a fluorophore that is released by strand displacement upon binding a target microRNA. A fuel strand can be added to release the microRNA and enable 'target recycling' where it can cyclically trigger other DNA devices. Another fluorophore-quencher strategy by Ma and co-workers employed gold nanoparticles as the quenchers and quantum dots as the fluorophores ([@B129]) (Figure [5B](#F5){ref-type="fig"}). DNA anchors the QDs to the gold nanoparticles, and target microRNA triggers a strand displacement leading to the release of QDs and giving rise to fluorescence. The device is designed to recycle target microRNA to amplify the signal. Another strategy developed by Li and co-workers uses a microRNA to conditionally trigger amplification of a DNA fragment that is detected with a molecular beacon ([@B130]) (Figure [5C](#F5){ref-type="fig"}). The target microRNA triggers formation of a DNA loop, which is ligated to a closed circle and used as a template for rolling circle amplification (RCA). The amplification generates thousands of copies of the sequence which are detected by a molecular beacon that binds and is subsequently cleaved by a nicking enzyme, separating the fluorophore and the quencher to increase fluorescence.

![DNA devices for microRNA biosensing. (**A**) DNA strand displacement based device with a fluorescence readout ([@B128]). (**B**) Gold nanoparticle and quantum dot based quench-and-release strategy ([@B129]). (**C**) Strand displacement coupled with RCA-based signal amplification ([@B130]). (**D**) DNA nanoswitches with a gel-based readout ([@B132]). Reproduced from ref [@B132]. (**E**) A DNA walker that can detect two microRNAs in forward and backward steps ([@B134]).](gkz580fig5){#F5}

A few other DNA devices use distinct types of optical changes using gel electrophoresis or colorimetric changes. Our lab has developed DNA nanoswitches ([@B131]) that respond to specific microRNAs and undergo a conformational change that can be detected by gel electrophoresis ([@B132]) (Figure [5D](#F5){ref-type="fig"}). Single stranded extensions that are partly complementary to the target microRNA are positioned along the length of the DNA nanoswitch, causing target microRNA binding to induce a loop in the structure. This strategy can be used to quantify microRNAs from cellular extracts and can multiplex up to five different microRNAs by programming different loop sizes. Xiang and co-workers developed a colorimetric strategy based on cascaded self-assembly of DNA hairpins triggered by microRNA initiators ([@B133]). They used hairpins enclosing a G-quadruplex forming sequence that are opened in the presence of a microRNA and are assembled into a ferris-wheel-like structure. In this structure, the open hairpin sequences form G-quadruplexes that bind to hemin and act as DNAzymes to catalyze the conversion of the colorless TMB substrate into a yellow colored product.

Several DNA devices have been used for electrochemical sensing of microRNA. In one example, Yuan and co-workers designed an electrochemical sensor with a DNA walker that is activated in the presence of target microRNA ([@B134]) (Figure [5E](#F5){ref-type="fig"}). Target microRNA binds to a DNA track on the electrode and recruits an AuNP-containing DNA walker. Through a series of DNA inputs, the DNA walker can be made to move closer or away from the electrode surface, thereby turning the electrochemiluminescence from off to on. The same group designed an electro-chemiluminescence (ECL) sensor which contains hairpin probes with AuNPs closer to the surface of the electrode, thus quenching the fluorescence of the gold nanoparticles ([@B135]). Target microRNA causes the production of intermediate DNA pieces in a separate process. This intermediate DNA can unloop the hairpin and move the AuNPs away from the electrode surface, thus restoring fluorescence.

CRITICAL ANALYSIS AND DISCUSSION {#SEC4}
================================

Features and challenges of DNA nanotechnology-based microRNA detection {#SEC4-1}
----------------------------------------------------------------------

Having surveyed DNA nanotechnology approaches for microRNA detection (describing 'who', 'what', 'when', 'where' and 'how'), here we attempt to shed light on the big question---'why'. What advantages does DNA nanotechnology offer for microRNA biosensing? We will touch on a few main advantages: Improving existing approaches, new approaches with reconfigurable structures, inherent biocompatibility, and enabling complex functionalities in biosensing. We will also discuss some challenges in this approach that include nanostructure formation, assay complexity, and stability of nanostructures.

Several features of DNA nanostructures have shown utility in microRNA detection. In surface-based assays, a critical challenge lies in controlling the structure, orientation, and density of DNA probes at the biosensing interface, which play important roles in efficiency and kinetics of target capture ([@B103],[@B104]). In this context, DNA tetrahedra allow control over spatial density and orientation of DNA probes, maximizing target accessibility and minimizing non-specific adsorption and lateral interactions between probes ([@B102]). These concepts may also translate to other surface-based approaches such as ELISA and SPR ([@B104],[@B142]). The programmability of DNA also opens up some entirely new sensing possibilities based on reconfiguration of DNA objects in response to a target sequence. A few examples in DNA origami and almost all in DNA devices and assemblies sections take advantage of the programmability of DNA to offer interesting new sensing approaches that help convey the many possibilities of DNA nanostructures for sensing. Using DNA nanostructures in microRNA sensing opens up the possibility of engineered biological sensors with inherent biocompatibility, and also offers the longer-term possibility of integrating such sensors with living biological systems. Some examples of this are already starting to emerge, where DNA nanotechnology is being used in living biological systems ([@B22],[@B143]). Additionally, the programmable nature of DNA nanostructures enables unique and complex functionality. There are several such examples in this review including multiplexing ([@B132]), logic operations ([@B124]), and cascading events ([@B106]). DNA nanotechnology provides a way to build complexity into biosensors as needed, and the wide variety of 'natural' DNA interactions such as aptamer-ligand recognition ([@B146]), triplexes ([@B147]), i-motifs ([@B148]) and G-quadruplexes ([@B149]) also help facilitate the potential versatility of such biosensors.

Relating back to Table [2](#tbl2){ref-type="table"}, we draw attention to a few common features in the surveyed DNA nanotechnology approaches that address common disadvantages of current approaches. For most of the surveyed approaches, a key advantage is that the microRNA does not need to be amplified, in contrast to some popular current approaches such as qPCR and next-generation sequencing. Relatedly, amplification (typically exponential) can pose a challenge for absolute (and even relative) quantification. Some of the DNA nanotechnology approaches discussed in this survey demonstrate direct detection of microRNA, thus eliminating any amplification-based errors. Many of the techniques have also demonstrated multiplexing, which is typically absent from qPCR and Northern blotting. Several also offer advantages in lowering cost or complexity compared to existing methods, sometimes enabling detection with little or no equipment, or with minimal training.

Despite these advantages, some challenges still remain in these approaches. The primary one among these may be formation of the nanostructures themselves, which typically requires thermal annealing of multiple components. While it can be straightforward, some structures and devices can require multiple steps, precise molar ratios, or long times that stretch over days. After structure formation, purification can sometimes be necessary to remove excess reagents or malformed structures. In part due to the construction issue, some biosensing assays using DNA nanostructures are complex, requiring many different steps in assay preparation and execution. A few even appear to be unnecessarily complex, sometimes resembling a Rube Goldberg apparatus. These sensing assays also need to be integrated into workflows that can be performed by end users, necessarily moving away from AFM imaging that is common for verifying structures. One last challenge in using DNA nanostructures for microRNA detection is the stability of the structures themselves. Since they are formed by base pairing of DNA, thermal stability and susceptibility to nucleases can both pose problems for certain applications. These challenges are solvable, and many of these aspects are currently being addressed by this relatively new field ([@B150]).

Needs and wants in microRNA detection {#SEC4-2}
-------------------------------------

Sensitivity and specificity tend to be the most widely reported metrics for microRNA detection. For sensitivity, needs vary by application but some realistic limits can be defined for cellular extracts and biological fluids. For cellular extracts, 1 copy of microRNA/cell likely defines the lowest relevant amount, with typical ranges of 10--10,000 copies/cell ([@B153]). For total RNA extracts from cells, a 500 ng sample (∼25 000 cells) requires a detection limit of ∼0.04 amol to detect 1 copy per cell, and 0.4--400 amol to detect in the typical range. This corresponds to sub-pM to sub-nM range concentrations assuming microliter volumes. In biological fluids, microRNAs are diluted in milliliter to liter-scale volumes, resulting in lower concentrations. Published clinical results of microRNAs in body fluids tend to be primarily in the fM range ([@B153]), with some samples reportedly as low as 20 aM and as high as 20 nM ([@B153]). It is useful to note, however, that microRNAs need not be detected at their native concentrations; body fluids typically collected at the milliliter scale can be concentrated to the microliter scales typical for biosensing assays. Given these considerations, sensitivity is important but only to a degree; extreme sub-fM sensitivity may not be meaningful for microRNA detection. This assertion is further supported by the continued use of Northern blotting in microRNA detection, which has the lowest sensitivity of the common approaches (typically pM-nM) ([@B158]).

Specificity is important in microRNA detection since many microRNAs have similar sequences but different functions. Cross-talk between microRNAs can be problematic, and due to the relative rarity of individual microRNAs in biological samples, cross talk from other RNAs can increase the background signal and reduce sensitivity. While the ultimate specificity is to detect single-nucleotide variations, many applications may not require this level of specificity (e.g. microRNAs with no closely related sequences in the genome). It is also worth pointing out that specificity is likely to be a solvable problem for most assays. Since they all rely on nucleic acid hybridization, improved sequence design on one system should be 'transferable' to other systems as well. A large amount of work has been done on 'tuning' nucleic acid specificity ([@B159],[@B160]), and toehold-based approaches offer increased flexibility in this area ([@B161]). Nucleic acid analogs such as peptide nucleic acid (PNA) and locked nucleic acid (LNA) with different base pairing affinities can also be added to tune or improve specificity ([@B162],[@B163]). Thus, we contend that specificity differences between many assays are largely due to probe design and experimental conditions and not necessarily inherent to the different approaches.

Aside from sensitivity and specificity, there are several other aspects of sensing that are important for practical use that include cost, time, and complexity. These features can be underappreciated, which makes them both underreported in the literature and difficult to compare between different assays. Still, these features are important and can be critical for establishing an assay with a wide user base. Many assays that have been successful in reaching a wide user base build or improve on existing assays in a way that minimally disrupt existing workflows ([@B164]). This suggests that new assays should consider workflow and the likelihood of end users to have the resources and the skills to perform the assay. For clinical use, there can be a compromise on parameters such as sensitivity for rapid detection of biomarkers. For tools that are primarily developed for lab-based research, faster detection times are not as important, but eliminating the need for expensive equipment and creating easy-to-use methodologies are important especially in low resource settings. There has also been a recent push for 'frugal science', where cost is considered alongside the more typical performance metrics. This movement has produced interesting scientific tools such as centrifuges ([@B167]), microscopes ([@B168]), and water filtrations systems ([@B169]) with ultralow cost. As some examples in this review have shown, DNA nanotechnology approaches can integrate into existing workflows and due to low cost synthesis can be very cost-effective.

Critical comparison of approaches {#SEC4-3}
---------------------------------

The methods described in this article span the range from proof-of-concept explorations to more mature technologies with a history of progressive improvement. The authors appreciate the importance of experimentation with different methods for detecting microRNA, but it is not immediately obvious which of these techniques may become widely adopted for their intended purpose. In this section we discuss the relative merits of the different approaches, and provide some speculation on methods that may become more widespread. Most methods described in this article fall within the useful range of sensitivity and specificity for lab-based use, and some meet higher standards that might be needed for clinical use. As we mentioned earlier, improved sensitivity and specificity are attractive features, but we suspect that other features such as ease-of-use, cost, and equipment requirements may play a larger role in facilitating adoption.

So, where do these approaches sit among the landscape of existing tools? The niche of genome-wide screening of microRNAs is well established by next generation sequencing technologies and microarray. To our view, none of the methods in this report are poised to be competitive in this area; to our knowledge none have described a strategy for scaling up to the genome scale with thousands of microRNAs. Instead, the methods described here focus on the area of targeted detection and quantification of microRNAs, occupying a niche with the more dominant technologies of qPCR and Northern blotting. These two established methods arguably occupy their own niches, with qPCR based on amplification and being relatively expensive and Northern blotting offering direct detection and being relatively inexpensive but cumbersome. qPCR is often considered the gold standard of microRNA, and yet Northern blotting still remains common ([@B158]). Each of these have their own features and limitations as mentioned in the section on current microRNA detection methods above, so new methods shown here may occupy the same niche or carve out a new one. Moreover, these DNA nanotechnology-based approaches have compared their performances to traditional methods (mostly qPCR) but a comparative analysis of DNA nanostructure-based assays is lacking. Such analyses will be important in improving and adapting the techniques mentioned in this article, especially since the outcome of the assay can also be dependent on the methodology used even in traditional methods ([@B170],[@B171]).

The electrochemical approaches have largely demonstrated improved detection using DNA nanostructures to control the surface interface. This is a great benefit of the nanoscale control that comes with DNA nanostructures, though there is some counter-evidence showing that similar results can be obtained with chemical monolayers ([@B172]). Overall, however, these DNA nanostructured electrochemical systems (which were predominantly tetrahedra in the literature) have impressively high sensitivity and specificity and have some potential for further adoption. The main drawbacks we see are the multiple steps (including several washes) in the assay as well as the relatively costly electrochemical workstations that are used. However, recent work shows that electronics can be simplified, potentially enabling this type of approach to be used as a general lab or point-of-care approach ([@B173]). It is worth noting here that although the electrochemical approaches used tetrahedra, it is possible that other shapes (including DNA origami structures) may provide similar results but were not reported in our literature search.

The microscopy-based approaches provide interesting demonstrations of how DNA nanotechnology can be 'programmed' and analyzed, but we contend that they are unlikely to be adopted for standalone detection purposes. Obtaining and analyzing high-resolution images by fluorescence microscopy or AFM is costly in time and money. Furthermore, the resulting detection metrics from these techniques is not compelling enough to justify the effort. Technologies such as DNA-PAINT have found success in the context of adding new features to imaging techniques that are used in biology ([@B174],[@B175]) but when such imaging is a prerequisite for detecting microRNA or another analyte it becomes less useful. There are, however, some applications where imaging is an important aspect of detection. For example, some of these methods could be adapted for use when it is important to know the spatial distribution of RNAs within a biological sample such as a cell or a tissue. For many such applications in biology, imaging (especially fluorescence imaging) may already be part of the workflow and could potentially benefit from some of these DNA nanotechnology approaches.

The approaches that rely on optical changes may be the most likely in general to become widespread, due in part to the existing infrastructure in the life sciences and medicine to measure such changes. Fluorescent plate readers and gel assays are incredibly common in biology, so techniques that take advantage of these workflows have the lowest barrier to overcome in translating the technology. Our own technique of DNA nanoswitches ([@B132],[@B176],[@B177]) falls into this category, with one of the most compelling features being integration with existing workflows. Other examples that look promising in this category are fluorescence-based approaches such as those involving DNA-nanoparticle complexes ([@B129]), and the CD-based detection of the DNA origami cross ([@B126]). Some of these techniques could also benefit from handheld or portable readers, of which there are several examples being developed in the literature ([@B178]).

In looking at potential widespread adoption of particular technologies, another aspect to consider is evidence of sustained growth of a strategy or its demonstrated use for multiple applications. There are a few clear examples of this including use of the DNA tetrahedron to improve electrochemical sensing techniques ([@B86],[@B179]) and the DNA nanoswitches from our lab ([@B132],[@B176],[@B180]). These techniques have also extended beyond microRNA detection and are used in detection of small molecules and proteins. There are also a few examples where the opposite seems to be true, and individual labs have demonstrated several different approaches that are largely unrelated ([@B113],[@B128],[@B133],[@B181]). This might illustrate more exploratory developments where leading candidates for further development have not yet emerged.

A few methods have interesting features that could be especially useful for certain applications. One example is colorimetric detection, where the presence of certain microRNAs can be detected by eye ([@B133]). This could be a useful way to quickly and efficiently validate biological samples, and could prove useful for point-of-care detection if the sensitivity can be improved or if it can find application where disease-related microRNAs are abundant. Another example is live cell microRNA detection ([@B113],[@B114],[@B129]), which could provide new biological insights about microRNA activity inside living systems. Several of the methods also utilize the programmable nature of DNA to incorporate features such as multiplexed detection ([@B107],[@B122],[@B132]) or logic operations ([@B124]), which are all steps toward microRNA biosensors with more complex functionality. With many of these strategies testing efficiency in biofluids such as serum and urine, the potential of DNA nanostructures for diagnosis and disease monitoring does not seem not far off.

Some readers may be interested to know about the commercial potential for the technologies described above. While DNA nanotechnology-based microRNA techniques have not yet been commercialized to our knowledge, the DNA nanotechnology field has progressed in the last decade to spin out related companies. Most related to biosensing is a start-up company called *Esya* which uses a DNA device to scan cells for lysosomal disorders. The DNA nanoswitch from our group was briefly adopted by a (now defunct) start-up *Confer Health* for use in home-based fertility diagnostics. DNA-PAINT based company *Ultivue* provides immune-profiling and imaging reagents for super-resolution microscopy. This feature also allows monitoring RNA profiles in cells for their spatial distribution. Recently, the tools to create DNA origami structures were also commercialized by *Tilibit Nanosystems* which provides custom-made DNA scaffold and staple strands depending on customer requirements. This emerging commercial landscape suggests that these DNA nanotechnology approaches are starting to gain traction for certain applications.

CONCLUSION AND OUTLOOK {#SEC5}
======================

Nucleic acids are the natural biological sensors for microRNA, and in fact all of the major established methods for microRNA detection rely on nucleic acid probes hybridizing to all or part of their target microRNA. Given recent advances in structural DNA nanotechnology that enable precise building and reconfiguration, it is not a huge conceptual leap to suggest that DNA-based biosensors may be combined with molecular devices to impart complex functions that were once purely science fiction. These aspirational goals would include sense-respond devices or sense-compute-respond devices. Even setting these grand notions aside, we have shown here that there already exists a suite of tools enabled by DNA nanotechnology that offer some important advantages for microRNA detection. Furthermore, microRNA is a fitting molecule to 'test the waters' of DNA nanotechnology based biosensing, and we suspect it may be the tip of the iceberg as many of these approaches and others branch out to other applications. In particular, it may be relatively straightforward to adapt many of these technologies to detect other RNAs including mRNA, viral RNA, and long non-coding RNA. While we are not clairvoyant enough (or brave enough) to predict specific winners and losers among microRNA detection technologies, we can reasonably speculate that DNA nanotechnology approaches will play a role in the future of microRNA detection. Already these approaches are increasing the diversity of tools for microRNA detection, as well as demonstrating the power of DNA nanotechnology when form follows function.

FUNDING {#SEC6}
=======

We acknowledge support from American Heart Association \[award 17SDG33670339 to BKD\] and National Institute of General Medical Sciences \[award R35GM124720 to KH\]. Funding for open access charge: American Heart Association \[17SDG33670339\]; National Institute of General Medical Sciences \[R35GM124720\]. The content is solely the responsibility of the authors and does not necessarily represent the official views of the American Heart Association or the NIGMS.

*Conflict of interest statement*. K.H. and A.R.C. are inventors on patents (issued and pending) on the DNA nanoswitches.
